Tropical cyclone potential intensity (V p ) is controlled by thermodynamic air-sea disequilibrium and thermodynamic efficiency, which is a function of the sea surface temperature and the tropical cyclone's outflow temperature. Observed trends and variability in V p in each ocean basin are decomposed into contributions from these two components. Robustly detectable trends are found only in the North Atlantic, where tropical tropopause layer (TTL) cooling contributes up to a third of the increase in V p . The contribution from disequilibrium dominates the few statistically significant V p trends in the other basins. The results are sensitive to the data set used and details of the V p calculation, reflecting uncertainties in TTL temperature trends and the difficulty of estimating V p and its components. We also find that 20-71% of the interannual variability in V p is linked to the TTL, with correlations between detrended time series of thermodynamic efficiency and V p occurring over all ocean basins.
Introduction
Understanding the cause of observed trends in tropical cyclone intensity and projecting how tropical cyclone activity will differ under climate change is a topic of great interest and importance. There is some evidence that tropical cyclone intensity has already changed, such as an increase in the power dissipation of North Atlantic tropical cyclones [Emanuel, 2005] and an increase in the intensities of the strongest tropical cyclones [Elsner et al., 2008; Kossin et al., 2013] . Future projections indicate that anthropogenic warming will cause the globally averaged intensity of tropical cyclones to increase, shifting toward stronger storms [Knutson et al., 2010, and references therein] . Much of the previous work investigating the physical causes of these changes has focused on the sea surface temperature (either directly or indirectly), but several recent papers have addressed the role of upper atmosphere temperature changes in contributing to changes in tropical cyclone intensity [Emanuel et al., 2013; Vecchi et al., 2013; Ramsay, 2013; Kossin, 2014; Wang et al., 2014] .
Temperatures in the tropical tropopause layer and lower stratosphere exhibit both decadal trends and interannual variability. The lower stratosphere has cooled by ∼0.5 K per decade since 1979 [Ramaswamy et al., 2001; Randel et al., 2009] , which has been linked to ozone loss and the major volcanic eruptions of El Chichon and Mount Pinatubo that warmed the stratosphere in the early part of the record [Ramaswamy et al., 2006; Thompson and Solomon, 2009] . Temperature trends in the tropical tropopause layer, however, are more uncertain [e.g., Randel and Wu, 2006; Fueglistaler et al., 2009; Haimberger et al., 2012] . The tropical tropopause layer (TTL) is a layer in the uppermost troposphere that also has some characteristics of the stratosphere, and in which temperatures are a result of a complex coupling between atmospheric dynamics, chemistry, and radiation. Atmospheric temperatures in the TTL may modulate tropical cyclone intensity, since the temperature of tropical cyclone outflow is approximately equivalent to the ambient tropopause temperature [Emanuel and Rotunno, 2011] . The outflow temperature is a key parameter in tropical cyclone potential intensity, which is the theoretical maximum intensity of a steady state tropical cyclone given the sea surface temperature and environmental profile of atmospheric temperature and humidity [Emanuel, 1986] .
There is evidence that tropical cyclones are affected by TTL temperature in observations, global models, and idealized models. Emanuel et al. [2013] found that downward trends in tropical cyclone outflow temperature associated with TTL cooling contributed significantly to upward trends in potential intensity in the North Atlantic in radiosonde data and reanalyses. In this and other studies [Vecchi et al., 2013; Kossin, 2014] , the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) 10.1002/2015GL066145 reanalysis was found to overestimate the TTL cooling (and therefore the increase in potential intensity). In simulations with a high-resolution global model, Vecchi et al. [2013] found that cooling in the lower TTL increased potential intensity and increased the fraction of tropical cyclones that reach hurricane intensity. Further, Ramsay [2013] and Wang et al. [2014] performed idealized simulations of tropical cyclones in a state of radiative-convective equilibrium with an axisymmetric, nonhydrostatic model and a three-dimensional mesoscale model, respectively. In these studies, the potential intensity and modeled storm intensity increased at a rate of 0.4-1 m s −1 per degree of tropopause cooling. Sea surface warming resulted in a potential intensity trend of about 2 m s −1 per degree of warming [Ramsay, 2013] .
The objective of this study is to determine the influence of tropical tropopause layer (TTL) temperature on tropical cyclone potential intensity from observations in each ocean basin separately. We will focus on the differences in TTL temperature trends as well as interannual variability between ocean basins and calculate the relative contribution, if any, of TTL temperature to changes in tropical cyclone potential intensity. We also note the signature of episodic perturbations in TTL temperatures (such as those caused by large volcanic eruptions) in tropical cyclone outflow temperature and thermodynamic efficiency.
Data and Methods
The potential intensity of tropical cyclones, V p , [e.g., Bister and Emanuel, 1998 ] is defined as
where C k is the surface enthalpy exchange coefficient, C D is the drag coefficient, T s is the sea surface temperature, T o is the outflow temperature, h * o is the saturation moist static energy of the sea surface, and h * is the saturation moist static energy of the free troposphere. The outflow temperature is the air temperature at the level of neutral buoyancy of a parcel lifted from saturation at the sea surface temperature. Lower outflow temperatures are associated with greater thermodynamic efficiency, so it is through the efficiency term,
, that variations in TTL temperature may affect potential intensity. Variations in sea surface temperature primarily affect potential intensity through the disequilibrium term, h * o − h * . The potential intensity is calculated according to the algorithm of Bister and Emanuel [2002] . We discuss sensitivity to the details of the potential intensity calculation in the supporting information.
We examine the contribution of the thermodynamic disequilbrium and outflow temperature to trends in potential intensity by taking the logarithm of equation (1):
Following Emanuel et al. [2013] , we calculate the contribution to the decadal trend in potential intensity from each term in equation (2), for potential intensity calculated from both reanalyses and radiosonde data. C k ∕C D is taken to be a constant, 0.9, so it does not contribute to the trend in potential intensity. The efficiency term, log
, is calculated directly from the sea surface temperature used in the potential intensity calculation and the resulting outflow temperature, whereas the thermodynamic disequilibrium term, log
, is calculated as a residual from the rest of equation (2). We note that trends in this residual are not necessarily entirely due to trends in the disequilibrium term because equation (2) is an approximation to the algorithm used to calculate V p ; we compare our results to those using a direct calculation of the disequilibrium term in the supporting information. We average each term over the peak months of the tropical cyclone season for each basin (Table 1) . For the calculation from reanalyses, we perform a cosine-latitude weighted average over the regions indicated in Table 1 , excluding land areas. The contribution to the decadal trend in potential intensity (m s −1 decade −1 ) from the last two terms in equation (2) is determined by calculating the least squares regression slope of each.
Since we are analyzing trends, it is important to use radiosonde data that have been corrected for temporal inhomogeneity problems (i.e., due to instrumental changes). Two such data sets are RATPAC (radiosonde atmospheric temperature products for assessing climate) [Free et al., 2005] and RATPAC-lite [Randel and Wu, 2006] . The main results are presented using RATPAC data, over the period 1980-2013. We also compare the results obtained from RATPAC and RATPAC-lite in the 1980-2007 period to test for sensitivity to the details of the radiosonde data (in the supporting information). Southern Hemisphere 5-18 ∘ S, 60-180 ∘ E J a n u a r y -M a y a Latitude/longitude bounds of each tropical cyclone main development region and the peak months of the tropical cyclone season in each basin.
We select stations from the RATPAC database that are within or near the tropical cyclone basins. It is expected that the free tropospheric temperatures measured by radiosondes are representative of the basin-averaged temperatures, due to the large deformation radius in the tropics. [Rayner et al., 2003] are used in the calculation of potential intensity from the RATPAC data. A monthly temperature climatology from the unadjusted IGRA (Integrated Global Radiosonde Archive) [Durre et al., 2006] data is added to the RATPAC temperature anomalies. The potential intensity calculation also uses a monthly climatology of surface pressure and humidity from IGRA.
We also use the Interim European Centre for Medium-Range Weather Forecasts Re-Analysis (ERA-Interim) [Dee et al., 2011] and the Modern-Era Retrospective Analysis for Research and Applications (MERRA) [Rienecker et al., 2011] . The data used are on a monthly grid of 0.75 ∘ × 0.75 ∘ in ERA-Interim and 0.67 ∘ × 0.5 ∘ in MERRA. The work of Kossin [2014] corroborated trends in storm local upper level temperatures in the ERA-Interim and MERRA reanalyses by comparing them to tropical cyclone cloud top temperatures, giving confidence that these reanalyses are appropriate for use in this study. We do not show results using the NCEP/NCAR reanalysis [Kalnay et al., 1996] because its TTL temperature trends are excessively large compared to other reanalyses and observations [Randel et al., 2009; Emanuel et al., 2013; Vecchi et al., 2013; Kossin, 2014] . For all our results, statistical significance is assessed at the 95% confidence level, using the method described in the supporting information (which includes accounting for temporal autocorrelation in the time series).
Tropical Tropopause Layer Temperature
We first examine observations of temperature trends and variability in the tropical tropopause layer, in both RATPAC soundings and the ERA-Interim and MERRA reanalyses between 1980 and 2013. Figure 1 shows time series of 100 and 70 hPa temperature in the North Atlantic and western North Pacific basins as an example of how the trends and variability in TTL temperatures vary from basin to basin. In the North Atlantic, there are significant cooling trends at 70 hPa ( Figure 1a ) in all three data sets, although the trend in the MERRA reanalysis is significant only at the 93% confidence level. Notably, the trend in the San Juan sounding is approximately twice as large as in the reanalyses. At 100 hPa, the temperature decline is significant only in the San Juan sounding (Figure 1c ). Both reanalyses and the San Juan sounding show large peaks in the 100 hPa and 70 hPa temperatures that coincide with the El Chichon and Pinatubo volcanic eruptions in 1982 and 1991, respectively. The existence of these large positive anomalies in 100 hPa and 70 hPa temperatures at the beginning of the record contributes to the overall decadal cooling trend and also supports the view that the radiative effects of large volcanic eruptions contribute to the interannual variability of temperatures in the tropical tropopause layer and lower stratosphere [Evan, 2012] . Table 1 . Temperature anomaly at 100 hPa in the (c) North Atlantic and (d) western North Pacific, averaged over the months and regions indicated in Table 1 . Anomalies at individual stations are from RATPAC; anomalies from reanalysis are taken from the 1980-2013 mean. Thin solid and dashed lines show the linear regression slopes; solid lines indicate that the trend is statistically significant at the 95% level. For clarity 2 K has been added successively to each time series.
In the western North Pacific at 70 hPa (Figure 1b) , ERA-Interim, the Chuuk sounding, the Majuro sounding, and the Marcus Island sounding have cooling trends that are significant at the 95% confidence level (MERRA has a cooling trend that is significant at the 92% level). At 100 hPa (Figure 1d ), Majuro has a statistically significant cooling trend at the 95% level, while ERA-Interim has a trend of opposite sign (but only significant at the 92% level). We note that the cold point tropopause may be above 100 hPa in the western North Pacific, and thus, these may be trends in tropospheric, not TTL, temperatures. Unlike in the North Atlantic, there is only a weak signal in 100 and 70 hPa temperatures around the time of El Chichon and no obvious signal at the time of Pinatubo. Determining the reason for this zonal asymmetry in the signal of these large volcanic eruptions is beyond the scope of this study, but possibilities include larger natural variability in the Pacific, the coincidence of an El Niño-Southern Oscillation event with the Pinatubo eruption, vertical migration of the TTL across 100 hPa, and a reduction in the relative influence of radiative effects at these levels due to stronger upward motion in the tropical western North Pacific.
In the eastern North Pacific (Figures S1a and S1b in the supporting information), ERA-Interim and the Hilo sounding have statistically significant cooling trends at 70 hPa, but at 100 hPa they disagree on the sign of the trend (only the trend in the Hilo sounding is significant at 100 hPa). There is a small peak in 70 hPa temperature that coincides with the El Chichon eruption but no obvious signal at the time of Pinatubo. In the North Indian Ocean (Figures S1c and S1d), the reanalyses have small cooling trends at 70 hPa and no trends at 100 hPa, and it is difficult to discern signals associated with El Chichon and Pinatubo, with the exception of 70 hPa temperatures at the time of El Chichon. In the Southern Hemisphere (Figures S1e and S1f ), the only significant trends are a cooling trend in ERA-Interim at 70 hPa and a cooling trend in the Darwin sounding at 100 hPa (which may be below the tropopause). There are peaks in temperatures at both 70 hPa and 100 hPa in the years following the eruptions of El Chichon and Pinatubo. (2), for the ERA-Interim and MERRA reanalyses, and RATPAC station data averaged over the months and regions defined in Table 1 . Trends that are significant at the 95% confidence level are in bold font, and negative percentages indicate that the efficiency trend and total potential intensity trend are of opposite sign.
Decomposition of Trends in Potential Intensity
In order to determine how the trends in TTL temperature identified in the previous section translate to trends in quantities relevant to tropical cyclone intensity, we calculate the outflow temperature and potential intensity as described in section 2. As expected based on the results of the previous section, trends in tropical cyclone outflow temperature and its contribution to potential intensity vary across basin and data set. The results from a decomposition of linear trends in potential intensity from 1980 to 2013 into contributions from the last two terms on the right-hand side of equation (2) are shown in Table 2 . There are statistically significant trends in potential intensity in each basin, although only the North Atlantic and western North Pacific have more than one data set with a significant trend.
The largest increase in potential intensity is found in the North Atlantic. Some of this increase is due to a trend in outflow temperature, as indicated by the ratio of the trend in the efficiency term to the total potential intensity trend (last column of Table 2 ). Emanuel et al. [2013] pointed out that most of the increase in thermodynamic efficiency, log
, comes from the decrease in outflow temperature, rather than the increase in surface temperature. Since the outflow temperature is approximately the tropopause temperature, in the MERRA reanalysis and the San Juan sounding, TTL cooling contributes 30-36% of the increase in potential intensity. This result is broadly consistent with Emanuel et al. [2013] , although they found a larger contribution of the outflow trend (40% of the total) in the San Juan sounding than found here, due to differences in how potential intensity was calculated. Kossin [2014] Figure 2c , 0.05 is added to ERA-Interim (red) and 0.55 is added to San Juan (blue); in Figure 2d , 0.1 is added to ERA-Interim (red), 0.7 to Majuro (cyan), 0.8 to Chuuk (green), and 0.9 to Koror (blue). efficiency contribution to potential intensity is shown in Figure 2a . The remainder of the increase in potential intensity is due to an increase in the thermodynamic disequilibrium (Figure 2c ).
In the eastern North Pacific, the MERRA reanalysis is the only data set with a statistically significant trend in potential intensity over the last three decades, a decrease that is mostly due to a decrease in thermodynamic disequilibrium (Table 2 and Figures S2a and S2b, in the supporting information).
In the western North Pacific, there is a modest increase in potential intensity, but only the ERA-Interim and Marcus Island trends are significant at the 95% level, while trends at Koror and Chuuk are significant at 93%. In each case, the V p increase is due to an increase in the disequilibrium term ( Table 2 ). The increases in thermodynamic disequilibrium are also shown in Figure 2d . The Majuro sounding is an outlier and suggests that TTL cooling contributes a significant fraction (48%) of the increase in potential intensity. As shown in Figure 2b , Majuro is the only data set in which the efficiency term has a statistically significant trend. Overall, the results in the western North Pacific not only suggest a stronger role for air-sea disequilibrium than outflow temperature in potential intensity trends but also highlight the uncertainty in this result.
The results for the North Indian Ocean suggest that the contribution from thermodynamic disequilibrium dominates the potential intensity trend (Table 2) . However, there is uncertainty in this result because only the MERRA reanalysis has a significant trend and the nearest RATPAC station, Bangkok, has too much missing data to corroborate it ( Figures S2c and S2d) .
Finally, in the Southern Hemisphere the results are inconclusive (Figures S2e and S2f ) . The potential intensity calculated from ERA-Interim increases significantly, entirely due to an increase in the thermodynamic disequilibrium ( Table 2) . The MERRA reanalysis, however, indicates an increase in the efficiency term (significant at the 90% level) that contributes a majority (69%) of the (not statistically significant) potential intensity trend. In the Darwin sounding, the trend in the disequilibrium term largely cancels the trend in the efficiency term, and only the linear trend in efficiency is statistically significant.
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When the disequilibrium term is calculated directly rather than estimated as a residual, there is even less consistency in the results and it is only in the North Atlantic that we can come to a robust conclusion. As discussed in the supporting information, our results can also be sensitive to the choice of radiosonde data set and assumptions used to compute potential intensity. Overall, we find that the North Atlantic is the only basin for which there is evidence of a contribution of TTL cooling to trends in potential intensity, where it contributes up to ∼1/3 of the total trend. Elsewhere, there is disagreement between the available data sets and only some of the trends are statistically significant. Most of the trends in basin-averaged potential intensity that are significant are due to trends in thermodynamic disequilibrium.
Interannual Variability
While trends in TTL temperatures contribute significantly to trends in potential intensity only in the North Atlantic, interannual variability in TTL temperatures could play a role in interannual variability in potential intensity, particularly variability due to large episodic perturbations such as volcanic eruptions. Figure 2a shows substantial perturbations in the thermodynamic efficiency in the North Atlantic that are coincident with the eruptions of El Chichon and Pinatubo. This is consistent with the increases in TTL temperature following those volcanic eruptions (Figures 1a and 1c ). The RATPAC soundings in the western North Pacific indicate a dip in the thermodynamic efficiency at the time of the El Chichon eruption, but a signal near the Pinatubo eruption is not as apparent. The thermodynamic efficiency calculated from the ERA-Interim and MERRA reanalyses in the North Indian Ocean also contains a signal of the Pinatubo eruption (not shown). Other types of TTL temperature variability, including purely random variability, could also be important in the overall interannual variability of potential intensity.
As a simple first step to investigate the role of TTL temperature variability in potential intensity variability, we calculate the correlation between the detrended time series of seasonally averaged thermodynamic efficiency and potential intensity for each basin (the second term on the right-hand side and the first term of the left-hand side of equation (2), respectively). The time series are detrended by subtracting the linear regression line from the data. In the North Atlantic, there are statistically significant (at the 95% confidence level) correlations of r = 0.55, r = 0.64, and r = 0.84 in ERA-Interim, MERRA, and the San Juan RATPAC sounding, respectively. In the eastern North Pacific, there are statistically significant correlation coefficients of 0.66, 0.76, and 0.79 in ERA-Interim, MERRA, and the Hilo sounding, respectively. There is less agreement in the western North Pacific, where neither of the reanalyses has statistically significant correlations, in contrast with significant correlation coefficients of 0.68, 0.60, and 0.54 from the Koror, Chuuk, and Marcus Island soundings, respectively. In the North Indian Ocean, only data from the MERRA reanalysis has a statistically significant correlation (r = 0.45) between the detrended efficiency and potential intensity time series. In the Southern Hemisphere, a correlation is found only in the reanalysis data sets; r = 0.57 in ERA-Interim and r = 0.64 in MERRA. The correlation coefficients and p values for all basins and data sets are shown in Table S3 .
Overall, across all basins, variance in the thermodynamic efficiency explains 20-71% of interannual variance in the potential intensity (28-71% if the North Indian basin in excluded, where only MERRA yields a correlation). Most of the interannual variance in thermodynamic efficiency is due to variance in the outflow temperature (91-99% in the Atlantic, eastern North Pacific, western North Pacific, and Southern Hemisphere basins, and 58-69% in the North Indian). Therefore, these results suggest that interannual variability in outflow temperatures, which are related to TTL temperatures, make significant contributions to interannual variability in tropical cyclone potential intensity.
Summary
We have demonstrated that trends in basin-averaged tropical cyclone outflow temperature and its contribution to trends in potential intensity vary between ocean basin and data set. The only robustly detectable trends are in the North Atlantic basin, where 30-36% of the positive trend in potential intensity is contributed by trends in the thermodynamic efficiency driven by TTL cooling. Trends in outflow temperature are at least partly due to warm TTL temperatures from large volcanic eruptions at the beginning of the period. Elsewhere, it is difficult to estimate potential intensity trends and their components, given the disparity in results from different data sources. However, where there are significant trends in potential intensity, they are primarily explained by trends in air-sea thermodynamic disequilibrium. This is notable because increases in sea surface temperatures, a signature of global warming [Rhein et al., 2013] , largely contribute to the potential intensity 10.1002/2015GL066145 through the disequilibrium term [Emanuel et al., 2013] . The lack of consistent results between data sets underscores the danger of relying on a single data set for this type of analysis and reflects the uncertainties in TTL temperature trends and the limitations of reanalysis and radiosonde data.
An important new finding of this work is evidence that TTL temperatures play a significant role in the interannual variability in potential intensity over most of the world. We found statistically significant correlations between detrended time series of basin-averaged thermodynamic efficiency and potential intensity in all basins, which appear to account for 20-71 % of the variance based on a range of data sets. The interannual data are not as susceptible to the bias errors or instrument changes that are key for trends [e.g., Randel et al., 2000] , strengthening this conclusion. Most of the variability in thermodynamic efficiency results from variations in the outflow temperature. These results suggest that the relationship between TTL temperature variability and tropical cyclone activity warrants further study.
Understanding the contributions to trends and variability in potential intensity is an important first step, but there remains a question regarding the extent to which these results apply to changes in actual tropical cyclone intensity. For example, Kossin and Camargo [2009] and Kossin [2014] noted a lack of trends in global potential intensity sampled by actual tropical cyclone tracks. While most storms do not reach their potential intensity, there is some evidence that observed variations of maximum tropical cyclone intensity are consistent with variations in potential intensity [Emanuel, 2000; Wing et al., 2007] . Investigating the contribution of tropical tropopause layer temperatures to interannual variability, rather than trends, in maximum intensity may therefore be a valuable extension of this work.
